In situ transmission electron microscopy observations of the oxidation of (001) Cu-Au alloys indicate that the Cu 2 O islands that form undergo a remarkable transformation from an initially compact morphology to a dendritic structure as growth proceeds. Correspondingly, the surface composition becomes nonuniform and the fractal dimension associated with the islands evolves from 2.0 to a stable value of 1.87, indicating a transition in the rate-limiting mechanism of oxidation from oxygen surface diffusion to diffusion of copper through the increasingly gold-rich regions adjacent to the islands.
The formation of a protective oxide layer on a metal surface requires the rapid formation of a continuous film that impedes further oxidation by requiring bulk diffusion through the oxide. A general strategy for the protection of underlying metals is alloying, which leads to the formation of a protective oxide layer over the alloy surface due to the preferential oxidation of one component of the alloy [1] . Two key factors control protective oxide layer formation: thermodynamic stability and oxide continuity. During the initial stages of oxidation, nuclei of several oxides of the alloy components may form, including rapidly oxidizing elements; however, the protective oxide must be the most thermodynamically stable oxide of the major base alloy components [2] . In order to achieve protective behavior, the oxide layer must be continuous, since the existence of discontinuities in the oxide layer leads to rapid diffusion paths. It is still not generally understood which alloying elements improve the likelihood of forming a protective oxide and which degrade behavior due to complicating thermodynamic and kinetic factors.
Copper and copper alloys have wide industrial application, and therefore are of interest for studies of oxidation mechanisms. Under the conditions used in this study, Cu 2 O is the stable oxide that forms on Cu, and the cubic Cu 2 O lattice aligns epitaxially with the Cu lattice [3, 4] . It has been experimentally demonstrated that the oxidation of copper and many other metals on single crystal surfaces proceeds via random nucleation of oxide nuclei, followed by growth and coalescence that leads eventually to a continuous oxide coating [5] [6] [7] .
Au does not form a stable oxide under most conditions, and is not soluble in Cu 2 O. Therefore, the Cu-Au alloy system is ideal for investigating the effect of alloying on the formation of protective oxide layers, in particular, the effect of a nonoxidizing second element on film continuity. Here we report that alloying copper with gold can have a dramatic effect in controlling the morphology of the oxide islands, which in turn prevents coalescence into a continuous and protective film.
Our experiments were carried out in a modified JEOL 200CX TEM equipped to allow observation of oxidation in controlled pO 2 [8] . Cu-Au (001) single crystal films with 1000
A thickness were grown on irradiated NaCl (001) by sputter deposition. The alloy films were removed from the substrate by flotation in deionized water, washed, and mounted on a specially prepared sample holder that allows for resistive heating. Any native Cu oxide is removed by annealing the films in the TEM under vacuum conditions at 750 C [9] , resulting in a clean copper surface. regions with dark contrast such as C are Au rich and have the structure of the ordered CuAu 3 phase at room temperature. This phase is not observed prior to the onset of oxidation. It is also worth noting that almost no Au accumulation occurs in the alloy film regions in front of the growth tips.
A gradual transition occurs from initially compact island shapes to a dendritic morphology as the islands grow. As seen in Fig. 2 , oxide islands nucleate with a square shape and retain this shape during the initial growth. The islands then exhibit a gradual transition to a dendritic shape as growth slows along the normal to the island edges, i.e., along Cu 2 O h110i directions, while maintaining a faster growth rate along the directions of the island corners, i.e., along Cu 2 O h100i directions. In contrast, the oxide islands formed during oxidation of pure Cu(001) under the same conditions have an initially square shape that transforms to a rectangular morphology as growth proceeds [10] . The contrast features in Figs. 2(a)-2(c) reveal that the alloy film regions adjacent to the island edges become Au rich, while there is almost no excess Au accumulation in the alloy film adjacent to the island corners, as confirmed by energy dispersive x-ray spectroscopy (EDS). Figure 2 clearly reveals that the change in the local growth rate of the island boundary is closely related to this nonuniform partition of Au atoms in the alloy film during the island growth; i.e., the growth rate of the boundary adjacent to the Au-rich zone gradually slows as the local Au concentration increases.
The above observation indicates that the oxidation of Cu-Au alloys is accompanied by the rejection of Au atoms from the growing boundary, leading to Au-rich zones in the alloy adjacent to the metal-oxide interface. The in situ TEM observations reveal that the islands initially exhibit parabolic growth behavior, as shown in Figs. 2(a) and 2(d). By applying Fick's diffusion laws and the parabolic growth condition, we can predict the distribution of Cu as a function of distances x, y, and oxidation time t, as follows:
In Eq. (1), the Cu mole fraction N Cui at the alloy-oxide interface is determined by the following equation obtained from the moving boundary conditions,
where the auxiliary function Fu with u as general argument is defined by
The general form of the solution obtained in Eq. (1) is similar to those for problems involving a moving onedimensional boundary [11] . 2 nm 2 = sec [12] and the determined rate constant k is 550 nm 2 = sec . The Au composition contour map in Fig. 2 (e) is qualitatively consistent with the EDS measurements and the contrast features seen in Fig. 2(a) ; i.e., high Au accumulation is indicated in the regions adjacent to the island edges, and low Au accumulation is indicated adjacent to the island corners. This analysis reveals that the nonuniform partition of Au atoms is an intrinsic behavior for the compact growth of the oxide island.
The above analysis assumes that the island growth is controlled by 2D diffusion on the surface of a semi-infinite crystal. Since the surface diffusion rate is much faster than that of bulk transport, and oxide islands on Cu have been observed experimentally to grow more rapidly laterally than normal to the surface [13] , contributions from bulk diffusion are expected to have no significant effect on the island growth behavior, and thus have not been included in the analysis. Providing further support that bulk diffusion is not playing a significant role in controlling the oxide morphology, EDS measurements of the oxide regions reveal that the dominant composition changes occur laterally, with no significant Au accumulation beneath the oxide (evidenced by smaller Au concentrations in the Cu 2 O-on-alloy regions than in the starting alloy). We expect that similar behavior will occur during oxidation of bulk alloy samples, but this has yet to be demonstrated experimentally.
Tip splitting during the dendritic oxide growth is also observed, as seen in a sequence of images shown in FIG. 2 (color) . In situ TEM observation of the growth of a Cu 2 O island on a Cu 5 at. % Au sample at 600 C in pO 2 5 10 ÿ4 Torr. A crossover from (a) an initially compact structure to (b), (c) dendritic growth is observed as time progresses. The total oxidation time is noted on each image; (d) Parabolic growth kinetics are observed prior to the transition to a dendritic morphology; (e) Calculated 2D Au composition contour map for a 7 min oxidation of Cu 5 at. % Au at 600 C in pO 2 5 10 ÿ4 Torr (numbers indicate the Au mole fraction). Note that the calculated composition contours are rotated 45 with respect to the oxide island orientation, resulting in minimum Au concentration at island corners.
226108-2 Fig. 3(a) . Due to less Au accumulation at the island corners, the corners grow at a faster rate than the island edges, resulting in a deviation from the initial square morphology. As growth continues, the tip interface gradually becomes flat and forms two new corners because of additional Au segregation and accumulation, as shown in Fig. 3 (a) after 12 min of oxidation. Again, there is less Au accumulation in front of the two new corners than along the flat interface, and as a result, the growth front gradually splits again into two new sharp tips. This observation reveals that the tip splitting during the dendritic growth is also an intrinsic behavior associated with segregation and partition of Au atoms. A useful quantity for characterizing complex growth patterns and establishing a relationship to the growth mechanism is the fractal dimension, D f . Using the boxcounting method [14] , we have estimated D f of the islands at different growth stages, where the box length " was chosen to be " 2 n pixel size, with n 0; . . . ; 9 for a 1024 1024 pixel image, which yields a " ÿD f scaling behavior. Figure 3(b) shows the evolution of the fractal dimension of the island shown in Fig. 3(a) . It shows that the D f decays monotonically, starting from a large value of 1.93. The fractal dimension corresponding to various morphologies of oxide islands was measured and gives a common value of 1:87 0:02 as shown in Fig. 3(c) .
It is quite interesting that the fractal dimension was observed to change as oxide islands grew, evolving from the trivial dimension D f 2 for a compact island, and stabilizing at D f 1:87 for islands with a dendritic morphology. We believe that this provides important clues to understanding how the oxidation mechanism evolves with time. In the early stages of metal oxidation under low oxygen pressures and high temperatures, the reaction rate is usually dominated by the capture of oxygen. Indeed, our quantitative analysis of the growth of Cu 2 O islands prior to dendrite formation during oxidation of the Cu-Au alloys has revealed that the rate-limiting factor controlling the oxide growth is oxygen surface diffusion [15] , consistent with previous findings for the oxidation of pure copper [13] . Growth of the compact shape is due to efficient diffusion of adatoms on the metal surface and along island edges [16, 17] . As oxidation progresses, a nonuniform partition of Au atoms develops in the alloy, and the local growth rate of the boundary adjacent to the Au-rich regions is slowed due to depletion of Cu atoms. As a result, the rate-limiting factor in these regions becomes Cu diffusion through the Au-rich zone, similar to reported behavior for oxidation of bulk Cu-Au alloys [11] . However, the growth of the dendritic tips is still controlled by fast oxygen surface diffusion because of the low Au accumulation in front of the tips. Therefore, boundary growth along the island perimeter has different rate-limiting factors that depend on the local concentration of Au in the alloy. Figure 4 is the schematic diagram showing our proposed model of Au segregation-induced dendritic growth. According to this picture, increasingly ramified morphologies are predicted as the oxidation proceeds.
Dendritic growth is a rather common phenomenon that can have important effects on behavior. Typical examples of processes that produce dendrites include solidification [18] , development of viscous fingers in 2-phase liquids [19] , and electro-deposition [20] . It is usually believed that the formation of dendrites in these systems results from competition between capillarity and kinetic effects, i.e., the interplay between the nonlocal diffusion that favors growth along the steepest gradient of the diffusion field and the surface tension that favors flat interfaces with minimum surface area [21, 22] . However, two-dimensional (2D) dendrites formed during vapor deposition at low temperature represent an exception, where adatom diffusivity is high on the substrate, but is sufficiently low along island edges [23] . 2D dendritic growth has been modeled by diffusion-limited aggregation (DLA), in which an adatom performs a random walk on substrate, but is captured by a growing aggregate upon any encounter [24] .
The stabilized value of 1.87 observed for the fractal dimension of the dendritic oxide islands in this study is considerably larger than the fractal dimension of D f 1:71 predicted by DLA theory [24] . The reason for this difference may be that two-dimensional, isotropic DLA is too simplistic to describe the oxidation reaction, which involves diffusion and segregation of multiple species. For example, the accumulation of Au atoms in the alloy can change the sticking probability of oxygen onto the oxidealloy interface by limiting the diffusion of Cu atoms through the Au-rich zone. The fractal dimension of 1.87 is also not compatible with the fractal dimension of 1:5 associated with the dendrite formation in many other types of systems [18, [25] [26] [27] . We expect that there exists a different, previously unobserved universal class to describe the segregation-induced dendritic oxide growth in the surface oxidation of two-component alloys containing only one oxidizing species.
Dendritic oxide formation was not observed at oxidation temperatures of 350 -550 C. We believe this is because the oxidation rate at these lower temperatures is slow, and within our observation time (usually less than 1 h) the oxide islands do not grow to the critical size associated with sufficient nonuniform Au buildup that leads to the change of the rate-limiting factors along the island perimeter. In contrast, at all oxidation temperatures 600 C, dendritic oxide morphologies develop.
The stabilized fractal dimension of the dendrites, which depends on the oxide growth mechanism, does not show a change with increasing oxidation temperature above 600 C. Increasing the oxidation temperature enhances the diffusion rates of both oxygen and copper, and as a result, increases the oxide growth rate; however, this does not change the mechanism that controls the formation of dendrites, i.e., the dependence of the local growth rate of the oxide on the composition of the alloy adjacent to the oxide islands. Similarly, the stabilized fractal dimension of the dendritic oxide shows no dependence on the oxygen partial pressure in the range of 1 10 ÿ4 to 8 10 ÿ4 Torr. However, we have observed that dendritic growth may be partially or completely suppressed by nucleating a very high number-density of oxide islands through greatly increasing either pO 2 (to approximately 10 ÿ2 Torr) or the Au mole fraction (to Cu 50% Au) in the original alloy [15] . The suppression of the transition to a dendritic morphology in these two cases occurs because islands begin to coalesce before reaching the critical size for the shape transition.
Island formation during oxidation has been observed for many pure metals, including Fe, Pd, Pb, Ti, Co, and Ni, as well as Cu [5, [28] [29] [30] , and dendritic oxide growth may also occur in the oxidation of alloy systems containing one reactive component such as Cu, Fe, Pd, etc., and one noble component such as Au or Pt, which do not form stable oxides under normal conditions. The dendritic transition causes a discontinuous morphology of the oxide, which is not desirable in many technological applications. In order to grow continuous, protective oxide films, it is necessary to nucleate a large number density of oxide islands, which will lead to full coalescence of the oxide islands prior to their dendritic transition. Therefore, this dendritic transition imposes a limitation on the oxidation conditions [i.e., high pO 2 is needed] to grow a continuous and protective oxide film. On the other hand, creation of complex patterns on surfaces is a fascinating area of interest in many fields. Our results suggest a new approach to growing dendritic oxide patterns on metal surfaces.
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